Aims/hypothesis Myostatin-null mice (Mstn −/− ) have reduced body fat and increased tolerance to glucose. To date the molecular mechanisms through which myostatin regulates body fat content and insulin sensitivity are not known.
Myostatin (MSTN) is a growth and differentiating factor that belongs to the TGF-β superfamily. While a high level of Mstn gene expression is detected in skeletal muscle [1] , a low level of Mstn expression is also detected in other tissues including adipose tissue [1] and heart [2] . Inactivation of the Mstn gene in mice [1] or mutations in the bovine [3, 4] , ovine [5] and human [6] Mstn gene result in a similar phenotype of increased muscle growth. Therefore, it is believed that MSTN is a negative regulator of skeletal myogenesis and its function is highly conserved during evolution. Functionally, MSTN not only regulates the proliferation and differentiation phases of myoblast growth [7, 8] , but also controls the activation and further proliferation of muscle stem cells, the satellite cells [9] . MSTN has been shown to bind to the activin type IIB receptor (ActIIBR) and, therefore, either overproduction of a dominant negative form of ActIIBR in muscle [10] or treatment of mice with a soluble form of ActIIBR [11] (sActIIBR) have been shown to result in increased musculature.
The physiological effects of Mstn deletion are not restricted to skeletal muscle. A number of studies have reported significant decreases in the amount of adipose tissue in association with loss of MSTN function [12] [13] [14] . A flurry of recent research also suggests that loss of, or reduction in, MSTN levels leads to increased insulin sensitivity. In fact, suppression of MSTN function in mice, through transgenic overproduction of the MSTN propeptide, results in resistance to high fat dietary-induced obesity and insulin resistance [15] . This finding is further supported by studies on insulin resistant human participants, which show increased levels of MSTN in muscle and plasma [16] . Interestingly, short-term administration of recombinant MSTN protein has also been shown to induce insulin resistance in mice [16] . In extremely obese human participants it was further discovered that there were elevated levels of MSTN protein in both muscle and plasma samples [17] . In addition, injection of MSTNspecific antibodies along with exercise results in significantly increased insulin sensitivity [18] . Recently, Guo et al. showed that inhibition of MSTN signalling, specifically in adipose tissue, had no effect on glucose and insulin tolerance [12] . Contrary to this, muscle-specific inactivation of MSTN resulted in increased lean mass and improved glucose metabolism on both standard and high fat diets (HFDs) [12] . Although it is clear that lack of MSTN affects glucose uptake and metabolism, the specific mechanisms and signalling events in skeletal muscle and adipose tissue that help overcome insulin resistance in Mstn −/− mice are not clearly understood.
Recently, a series of investigations has delineated the role of AMPK (also known as PRKAB1) in insulin sensitivity and resistance. AMPK is a heterotrimeric serine/threonine kinase, which consists of a catalytic α-subunit and regulatory β-and γ-subunits [19] [20] [21] . In skeletal muscle, α2 [22, 23] is the major catalytic isoform produced, which forms a heterotrimeric complex with β2 and γ3 subunits. AMPK acts as a metabolic switch, which becomes activated by acute increases in the cellular AMP/ ATP ratio, such as occurs following exercise, or during conditions such as hypoxia, ischaemia or osmotic stress [24] . When intracellular ATP levels are low, AMPK switches off ATP-consuming processes, such as glycogen, fatty acid, and protein synthesis pathways, and activates alternative pathways for ATP regeneration, which include glucose transport, glycolysis and fatty acid oxidation. Activation of AMPK has also been shown to improve insulin sensitivity resulting in enhanced insulin-mediated glucose uptake in skeletal muscle [25] [26] [27] .
In the current manuscript we have identified the molecular mechanisms that are responsible for the increased insulin sensitivity in Mstn −/− mice. Here for the first time we show that there is increased abundance of AMPK in skeletal muscle, adipose tissue and liver, leading to an overall increase in glucose uptake and reduced fat accumulation in Mstn −/− mice, despite being fed on an HFD. This in turn leads to the increased sensitivity to insulin in Mstn −/− mice. We further show that treatment with an MSTN antagonist also reduces insulin resistance in mice fed on an HFD.
Methods
Animals Wild-type (WT) C57BL/6 mice were obtained from the Centre for Animal Resources (National University RNA extraction, quantitative real-time PCR (qPCR) and Western blotting RNA extraction, PCR and Western blotting were performed as previously described [28] (see ESM for details).
Insulin and glucose tolerance testing The ITT and GTT were performed as previously described in [15] and [29] respectively (see ESM for details).
Glucose transport in muscle M. extensor digitorum longus (EDL) were rapidly removed from killed mice and were pre-incubated in Krebs-Ringer bicarbonate (KRB) buffer containing 2 mmol/l pyruvate for 20 min, followed by a further incubation in KRB buffer containing 3,129.3 pmol/l insulin for 30 min. The muscles were then incubated in KRB buffer containing the same concentration of insulin, 1 mmol/l 2-deoxy-D-[ C] mannitol (11,100 Bq/ml) at 30°C for a further 10 min. The level of glucose transport was subsequently measured as previously described [29, 30] .
Biochemical analysis See ESM for details of the kits and reagents used for total serum insulin, total cholesterol, triacylglycerol and serum NEFA measurement.
AMPK assays A modified protocol from the Animal Models of Diabetic Complications Consortium [31] was used to measure AMPK activity in protein lysates from muscle tissue. Briefly, after muscle homogenisation, lysates containing 1 mg of muscle protein were centrifuged in a TLA 120.1 rotor (Beckman Coulter, Brea, CA, USA) at 37,000 rpm (48,000×g) for 30 min at 4°C. The supernatant fraction was then transferred to another centrifuge tube on ice and stirred together with 144 mg of ammonium sulphate, per ml solution, for an incubation period of 30 min. The sample was then centrifuged at 37,000 rpm for 30 min at 4°C, the supernatant fraction was discarded, and the pellet resuspended in 100 μl of homogenisation buffer.
The SAMS peptide (His-Met-Arg-Ser-Ala-Met-Ser-GlyLeu-His-Leu-Val-Lys-Arg-Arg) utilised in this study was synthesised commercially. The reaction was started by incubating the resuspended ammonium sulphate pellet into a mixture of water, SAMS peptide and radioactive ATP (to 100 μl of required working assay mix add 2 μl of 370,000 Bq/ml P 32 -γATP) for 10 min at 37°C. The reaction was terminated by pipetting 15 μl of incubation mix onto a 15×15 mm piece of P81 Whatman filter paper, allowing at least 20 s for the solution to absorb into paper, then dropping into 150 ml of 1% phosphoric acid. Finally the filter paper was washed six times, 5 min each, in 150 ml of 1% phosphoric acid, followed by a final wash in 50 ml acetone. After drying, the filter paper was measured on a scintillation counter (1450 LSC and luminescence counter; PerkinElmer Life Sciences, Waltham, MA, USA).
Statistical analysis
The data were analysed using two-way ANOVA and robust regression analysis. Not all the data were normally distributed. Unlike the conventional regression model based on ordinary least square (OLS), the robust model estimates with an iterative reweighted least square (IRWLS) algorithm and generates more reliable estimates about the influence of mouse genotype and diet type on the outcome. The proposed robust model has several advantages over the conventional approach in data analysis. First, it analyses the skewed outcome directly without the need to perform back-transformation for interpretation. This is desirable because arithmetic transformation may not necessarily induce normality in the skewed outcome. Second, it does not discard any observations in the process even if they are confirmed outliers. Finally, it does not impose any strict distributional assumption on the outcome like the generalised linear model (GLM), as there is no precise information about the outcome's probabilistic characteristics [32, 33] .
Results

Mstn
−/− mice exhibit a lean phenotype Since Mstn −/− mice have reduced white adipose tissue (WAT) content, we wanted to investigate the effect of a fat rich diet on muscle metabolism in Mstn −/− mice. In order to do this, WT and Mstn −/− mice were fed either HFD or regular CD for 12 weeks. During the 12 week diet regimen, no significant difference was noted in the energy intake of WT and Mstn −/− mice fed on HFD when compared with their respective CD fed controls, but it is important to mention that both the CD and HFD fed Mstn −/− mice had increased energy intake over and above that of both CD and HFD WT mice (Fig. 1a) . The body weights, muscle weights and fat pad weights from WT and Mstn −/− mice fed on HFD were compared with their respective CD fed controls. With no change in the amount of food intake, WT mice fed on HFD gained significantly more body weight (~65%) as compared with WT mice fed on regular CD (~35%) during the 12 week period. In contrast, Mstn −/− mice fed HFD did not significantly increase body weight as compared with regular CD fed Mstn −/− mice (Fig. 1b) . Feeding HFD did not increase muscle weights significantly either in WT or Mstn −/− mice (Fig. 1c) . It is noteworthy to mention that 7-week-old Mstn −/− mice were very lean and had significantly reduced fat mass as compared with WT mice at the beginning of the HFD trial (Fig. 1e) . Upon HFD feeding, the weights of three types of WAT samples (epididymal, retroperitoneal and inguinal) increased significantly during the 12 week period in WT mice; while an increase in the weight of WAT samples was also observed in Mstn −/− mice during the 12 week period, the increase was not statisti- cally significant (Fig. 1f) . Similarly to the findings in adipose tissue, a significant increase in liver weight was seen in WT mice fed on HFD; however, in contrast, no such increase in liver weight was observed in the Mstn −/− mice fed on HFD (Fig. 1d) .
Decreased circulatory cholesterol levels in Mstn
−/− mice To determine whether the reduced fat pad weight in Mstn −/− mice occurred in conjunction with a decrease in lipid levels, we analysed the circulatory levels of cholesterol, triacylglycerol and NEFA. In WT mice fed HFD, there was a 110% increase in circulatory cholesterol levels when compared with WT CD fed controls, while in Mstn −/− mice, we observed an increase of 50% in serum cholesterol levels upon HFD feeding when compared with Mstn −/− CD fed controls (Fig. 1g) . Therefore, absence of Mstn appears to result in reduced circulating cholesterol levels during HFD feeding. In contrast to the reduced cholesterol levels, we observed no significant change in triacylglycerol and NEFA levels between WT and Mstn −/− mice fed either CD or HFD (Fig. 1h, i) .
Lack of MSTN reduces insulin resistance
The lean phenotype of Mstn −/− mice, even when fed an HFD, raised the possibility that insulin sensitivity in Mstn −/− mice might be maintained even on an HFD. Therefore, the rate of glucose disposal and insulin sensitivity in the WT and Mstn −/− mice was measured. Mstn −/− mice had lower fasting blood glucose levels when compared with WT mice (Fig. 2a) . Furthermore, WT mice had significantly elevated levels of fasting plasma glucose following HFD treatment (8 weeks), when compared with that observed at the start of the trial (0 weeks). However, such an increase in fasting plasma glucose levels was not detected in Mstn −/− mice fed on HFD (Fig. 2a) . Furthermore, with glucose tolerance testing, a phenotype reflecting insulin resistance, and therefore significantly higher plasma glucose levels, was observed in WT mice when compared with Mstn −/− mice fed on HFD (Fig. 2b) . In addition, Mstn −/− mice also showed increased glucose disposal in response to insulin as compared with WT mice during ITT (Fig. 2f) .
Increased glucose uptake in the absence of MSTN To determine whether or not disruption of MSTN has a cell autonomous effect on glucose uptake by muscle, we measured glucose uptake in EDL muscle from both WT and Mstn (unstimulated by insulin), there is a 2.7-fold increase in glucose uptake by EDL muscle from Mstn −/− mice compared with WT mice. As expected, insulin was able to stimulate glucose uptake twofold in WT EDL muscle, and only to a minor extent in Mstn −/− EDL muscle (Fig. 2c) . To determine the molecular basis for the improved glucose uptake in Mstn −/− muscle, we next estimated insulin levels using ELISA. The results show that there was no significant difference in systemic insulin levels between WT and Mstn −/− on CD. When challenged with HFD, we observed an increase in circulatory insulin levels in the WT mice;
however, in contrast, no significant change in systemic insulin levels was observed in Mstn −/− mice fed on HFD (Fig. 2d) .
Lack of MSTN increases insulin signalling
We next performed real-time PCR and Western blot analysis on molecules involved in the insulin-signalling pathway. The results show that there is a significant increase in the expression levels of Glut4 (also known as Slc2a4; upregulation of Glut4 expression levels in Mstn −/− muscle tissue, whereas no such increase is seen in muscles from the WT mice (Fig. 3a) . Western blot analysis further confirmed this result and showed that indeed there was upregulation of GLUT4 protein content in muscle tissue from Mstn −/− fed HFD (Fig. 3b) . Western blot analysis also demonstrated an increase in total AKT protein in Mstn −/− muscles (Fig. 3b) .
As a result, increased p-AKT levels were observed in Mstn −/− muscles, and when further stimulated with insulin, even greater levels of p-AKT were detected in Mstn −/− muscles when compared with WT muscles (Fig. 3c) . Similarly, we also observed an increase in total IRS-1 protein in Mstn −/− muscles (Fig. 3b) .
Interfering with MSTN signalling increases tolerance to glucose To ascertain whether or not interfering with MSTN signalling postnatally has a similar effect to that observed in Mstn −/− mice, WT mice fed on HFD were treated with sActIIBR, which has been previously shown to act as a potent antagonist to MSTN activity [34, 35] . Treatment with sActIIBR reduced the insulin resistance seen in mice fed on a HFD. In a GTT test, we observed a significant elevation in blood glucose levels in mice treated with HFD; however, treatment with sActIIBR increased insulin sensitivity and enhanced glucose disposal, despite the fact that the mice were fed HFD. Thus, as can be seen in Fig. 2e , glucose levels were similar between mice fed on regular CD and HFD fed mice treated with sActIIBR (Fig. 2e) .
Increased levels of AMPK in Mstn −/− mice A genome-wide scan for differentially expressed genes revealed that the expression of Ampk was upregulated by several fold in skeletal muscle tissue isolated from Mstn −/− mice (data not shown). To study this further, we quantified the expression of Ampk (α2, β2 and γ3 isoforms) in peripheral tissues from WT and Mstn −/− mice that had been fed CD or HFD.
Subsequent qPCR analysis revealed that mRNA expression of all three isoforms of Ampk was significantly upregulated in Mstn −/− muscles, liver and adipose tissues (Fig. 4) . While HFD feeding further upregulated the mRNA expression of both the catalytic (α) and regulatory (β and γ) subunits of Ampk in peripheral tissues of Mstn −/− mice, no such increase was observed in the peripheral tissues of WT mice fed an HFD (Fig. 4) . Western blot analysis further confirmed that there was increased protein production of AMPKγ3 in skeletal muscle from Mstn −/− mice (Fig. 5a ).
Furthermore, there was an increase in the phosphorylation of the α-catalytic subunit (AMPKα) in skeletal muscle, liver and adipose tissue from Mstn −/− mice (Fig. 5b) . It was also observed that there was a significant increase in the levels of the AMPK target protein, p-ACC in Mstn −/− skeletal muscle (Fig. 5a ). Consistent with these results, a significant increase in AMPK activity is also detected in Mstn −/− skeletal muscle (Fig. 5c) . Recently it has been shown that AMPK functions by regulating the expression of genes involved in energy metabolism by acting in coordination with another metabolic sensor, the NADdependent type III deacetylase, SIRT1 [36] . Subsequent real-time PCR analysis indicates that in Mstn −/− muscles there is increased expression of Sirt1 mRNA (Fig. 5d ) and its downstream target gene Pgc-1α (also known as Ppargc1a; Fig. 5e ). Consistent with this result, we also observed an increase in SIRT1 and PGC-1α protein abundance in Mstn −/− muscle collected from mice fed on both CD and HFD when compared with respective WT controls (Fig. 5f, g ). Since increased SIRT1 results in deacetylation of PGC-1α, we observed lower levels of acetylated PGC-1α in Mstn −/− mice fed on both CD and HFD when compared with respective WT controls. In contrast, there was an increase in acetylation of PGC-1α in WT mice fed HFD when compared with WT CD fed controls (Fig. 5h) .
Discussion
The data presented here suggest a mechanism whereby MSTN negatively regulates the levels of AMPK in peripheral tissues, and thus influences insulin sensitivity (Fig. 6 ). Increased abundance and activity of AMPK, as observed in Mstn −/− mice, will lead to enhanced fatty acid oxidation and decreased lipid storage, which is consistent with both the reduced fat accumulation and reduced insulin resistance observed in Mstn −/− mice. These findings reveal MSTN as a novel regulator of fat and glucose metabolism, and suggest that MSTN antagonists may be of benefit in treating obesity and insulin resistance. In contrast to WT mice, Mstn −/− mice had reduced adipose tissue and failed to accumulate fat in adipose tissue even on an HFD (Fig. 1f) . Prolonged high caloric intake leads to metabolic overload and increased triacylglycerol levels, resulting in adipocyte hypertrophy and increased inflammatory response [37] . Macrophage accumulation in turn leads to secretion of pro-inflammatory cytokines such as TNF-α, resulting in further requirement of macrophages and impaired triacylglycerol deposition [37] . It is noteworthy to mention that in Mstn −/− mice there are reduced levels of circulating TNF-α [38] , raising the possibility that this may be partly responsible for the reduced adipose tissue observed in the absence of Mstn during HFD feeding (Fig. 1f) . Absence of Mstn results in increased Ampk mRNA expression in skeletal muscle, adipose tissue and liver (Fig. 4) . Furthermore, we observed increased protein levels of the AMPKγ subunit in skeletal muscle, and increased phosphorylation of the catalytic AMPKα subunit in skeletal muscle, WAT and liver from Mstn −/− mice (Fig. 5a, b) .
Consistent with enhanced AMPK production we also observed enhanced activity of AMPK in skeletal muscle (Fig. 5c ). AMPK plays a critical role in energy metabolism. Increased AMPK activation leads to phosphorylation and thus inhibition of ACC enzyme activity (Fig. 5a ). Reduced ACC enzyme activity leads to reduced malonyl-CoA expression, which further limits fatty acid synthesis and increases fatty acid oxidation. In addition to ACC, it has recently been demonstrated that AMPK controls the expression of genes involved in energy metabolism by modulating another metabolic sensor, the NAD + -dependent type III deacetylase, SIRT1 [36] . AMPK enhances SIRT1 activity by increasing NAD + levels resulting in deacetylation and further activation of SIRT1 targets including PGC-1α, leading to increased expression of mitochondrial and lipid metabolism genes [36] . Thus, it is quite possible that the acute actions of AMPK in lipid metabolism in Mstn −/− mice could also be signalled via the decreased acetylation of PGC-1α observed in Mstn −/− mice (Fig. 5h) . However, there is an anomaly; as others and we have shown [39] [40] [41] , [42] . In addition to the reduced adiposity, Mstn −/− mice and, for that matter, mice treated with sActIIBR, the MSTN antagonist, have improved tolerance to glucose and increased sensitivity to insulin (Fig. 2) . This increased sensitivity to insulin appears to be due to increased insulin signalling rather than increased insulin secretion, since gene expression and Western blot analysis confirms that there are increased GLUT4 levels and increased phosphorylation of AKT (Fig. 3) . We propose that increased insulin signalling in Mstn −/− mice is due to enhanced AMPK levels and activity. Acute activation of AMPK has been previously shown to result in increased insulin-mediated glucose uptake by increasing GLUT4 levels. Also, prior incubation of epitrochlearis muscles with the AMPK agonist 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) results in a two-fold increase in insulin stimulated glucose transport [25] . Furthermore, AICAR treatment of Zucker rats for 8 weeks improved insulin sensitivity [43] . Moreover, it has been recently shown that ablation of AMPK activity in skeletal muscle exacerbates insulin resistance induced by HFD feeding [30] . Therefore, these prior studies support the hypothesis that enhanced AMPK activity leads to increased insulin signalling in Mstn −/− mice.
In contrast to our results, Chen et al. recently showed that MSTN treatment increases AMPK abundance in vitro [44] . The inconsistencies between our results and the observations made by Chen et al. could be due to the model system used. The addition of MSTN protein (Chen et al.) could result in a negative energy balance via MSTNinduced cachexia [28, 45] , leading to a high AMP/ATP ratio resulting in AMPK activation. It is important to highlight that we have utilised an HFD model to study the regulation of glucose metabolism by MSTN and, much like previously published reports [12, 38] , we find reduced insulin resistance and enhanced glucose uptake, which is PGC-1α Fig. 6 Proposed mechanism. Loss of MSTN will lead to the activation of AMPK, resulting in the phosphorylation of ACC, leading to reduced malonyl-CoA and increased long chain fatty acyl CoA flux into mitochondria via carnitine palmitoyl transferase-1 (CPT-1) resulting in increased fatty acid oxidation. Activation of AMPK will also phosphorylate PGC-1α, which is further deacetylated by SIRT1, resulting in increased fatty acid oxidation. Activation of AMPK not only leads to increased fatty acid oxidation, it also promotes glucose uptake by accelerating GLUT4 trafficking to the membrane. Therefore, a combination of increased fatty acid oxidation and enhanced glucose uptake will result in enhanced insulin sensitivity in the absence of Mstn consistent with the increase in AMPK activity shown in the present manuscript. In summary, the results presented here demonstrate that lack of MSTN increases insulin signalling and enhances insulin sensitivity in skeletal muscle by increasing AMPK signalling. Furthermore, these results suggest that MSTN antagonists would have utility in resisting obesity and, moreover, in increasing insulin sensitivity during obesity (Fig. 6) .
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